Until recently, little was known about the mechanisms that prevent cell migration across compartment boundaries in Drosophila. A new report suggests that the lineage restriction between the dorsal and ventral compartments of the developing wing relies in part on the transmembrane proteins, Capricious and Tartan.
The compartmental lineage boundaries are exceptions to this rule. Clones can grow for long distances along these smooth, straight boundaries, but never cross them, even if the clones are given a growth advantage over neighboring cells [2] . The wing disc apparently contains only two such boundaries, an early-arising one, the A/P boundary, that subdivides the wing into anterior and posterior compartments; and a second one, the D/V boundary, that appears midway through the growth phase of the disc and subdivides it into dorsal and ventral compartments. A new study [3] has provided evidence that the lineage restriction at the D/V boundary in the developing Drosophila wing involves two related transmembrane proteins, known as Capricious and Tartan.
The lineage compartments have at least two important developmental functions. First, they subdivide the discs into regions with compartment-specific identities, in terms of the types and pattern of tissues formed, and the expression of compartment-specific genes. These identities are induced by the compartment-specific, inherited expression of 'selector' transcription factors. Posterior identities rely on the posterior expression of engrailed and invected; in their absence, posterior cells take on an anterior fate. Dorsal wing identities rely on the dorsal expression of apterous ( Figure 1) ; in its absence, cells take on a ventral fate [4, 5] . Apterous regulates dorsal-specific bristle and vein formation by driving the expression of the Msh transcription factor [6] .
A second, even more critical function of lineage compartments is to establish specialized cells at the boundaries between compartments (reviewed in [1, 7, 8] ). What makes this so essential to disc development is that the boundary cells then produce long-range morphogens which pattern tissues within each compartment. The formation of boundary cells is also regulated by selector gene expression, which controls the compartment-specific expression of intercompartmental signals and the sensitivity of cells to those signals. Cells on either side of the D/V boundary produce the morphogen Wingless as a result of reciprocal Notch signaling between dorsal and ventral cells (Figure 1 ). Dorsal apterous expression stimulates production of the Notch ligand Serrate, and partially represses production of the ligand Delta. Apterous also drives the dorsal expression of fringe, which encodes a glycosyltransferase that specifically modifies Notch, blocking its response to Serrate, but increasing its response to Delta (reviewed in [7] [8] [9] ). The currently favored hypothesis is therefore that dorsal Serrate signals preferentially to adjacent ventral cells, while ventral Delta signals preferentially to adjacent dorsal cells.
Compartment-wide affinities: the case for Capricious and Tartan
The lineage boundaries are also regulated by the selector transcription factors. For instance, dorsal cells lacking apterous not only take on ventral-like fates but, if they are in contact with the D/V boundary, cross into the ventral compartment [5] . Selector gene expression may therefore be driving the compartment-wide production of some form of cellular affinity or adhesion. For instance, cells in one compartment may have a high affinity for each other, or cells in adjacent compartments might actively repel each other; in either case, intermixing with cells in the adjacent compartment would be minimized, resulting in a lineage restriction.
The new study of Milan et al. [3] has provided the first clues about the molecular bases of these differences in affinity. The new work involves the capricious and tartan genes, which encode highly similar transmembrane proteins with short intracellular domains and extracellular domains containing leucine-rich repeats. These repeats are thought to mediate protein interactions, and appear in other Drosophila proteins involved in cell-cell interactions, such as the signaling protein Slit [10] and the homophilic adhesion protein Connectin [11] . Capricious was previously known for its role in another cell-cell recognition event: the formation of synapses between capricious-expressing motoneurons and capricious-expressing muscle fibers [12, 13] . Less is known about Tartan's function; it was named for its plaid-like expression pattern in the embryo, and tartan mutations cause defects in the number and arrangement of cells and in axon guidance [14] .
The first suggestion that these genes are involved in compartmentalization came from their expression patterns, as both are expressed in a dorsal-specific, apterous-dependent pattern in early third instar wing discs. Moreover, driving dorsal-specific expression of capricious is sufficient to substantially rescue the loss of apterous. This experiment depends on a clever technical trick. A transposable element containing a weak promoter and the coding sequence for the GAL4 transcription factor can act, once inserted into the fly genome, as an enhancer trap, as nearby enhancers will drive the expression of GAL4. This GAL4 can be used to drive the patterned expression of genes coupled to the UAS promoter [15] . A GAL4 insertion into the apterous gene not only has dorsal-specific GAL4 expression, but also strongly reduces apterous function; the lineage boundary in ap GAL4 /ap -wing discs is extremely irregular [3, 16, 17] (Figure 2a ). But if UAS-capricious is added, the lineage boundary appears nearly normal [3] (Figure 2b) . UAStartan also slightly improves the lineage boundary, but not so successfully as UAS-capricious.
How do these proteins function? As expressing capricious dorsally in a disc lacking apterous, and thus likely lacking any other dorsal-specific gene expression, is sufficient to induce what looks like attraction between dorsal cells, Capricious-producing cells appear homophilic. Previous in vitro work, however, suggests that Capricious is not a homophilic adhesion molecule [12] ; Milan et al. [3] have confirmed this and shown the same thing for Tartan. Capricious may thus regulate the expression or function of some other homophilic adhesion molecule. Alternatively, Capricious might regulate signaling, making cells both produce an attractive cue and become sensitive to it.
One of the most interesting results of the study came when either capricious or tartan was misexpressed in ventral clones [3] (Figure 3 ). These ventral clones were attracted (a) The D/V lineage boundary becomes extremely irregular in ap GAL4 /ap -wing discs [3, 16, 17] . (b) Adding UAS-capricious (yellow) to ap GAL4 /ap -wing discs largely rescues the lineage boundary [3] . (c,d) Adding UAS-fringe (yellow) to ap GAL4 /ap -wing discs rescues the formation of wingless-expressing boundary cells (red). The evidence suggests that the lineage is usually not rescued (c) [3] , except in rare cases (d) [17] . 
Notch and boundary cells: another set of cues?
Compartment-wide differences in cell affinity are not the only mechanisms required to maintain compartmental lineage restrictions. Selector genes also regulate the signaling between compartments and thus the formation of specialized cells at compartment boundaries. Disrupting boundary cell formation directly at the A/P and D/V boundaries results in the loss of the lineage restrictions [19] [20] [21] [22] . Thus, the signaling molecules involved in the formation of boundary cells likely provide an additional force required for the maintenance of the lineage restriction.
At the D/V boundary, clones lacking Notch or Delta and Serrate often violate the lineage restriction, even though they retain their compartmental identities in terms of the presence or absence of apterous expression, and thus presumably the expression of capricious and tartan [21, 22] ( Figure 4a) . Conversely, the high levels of Notch signaling observed in boundary cells is not disrupted by the presence of ventral capricious-expressing clones, and the lineage boundary is partly retained [3] (Figure 3) . Milan et al. [3] thus suggest that a Notch-driven affinity difference might block such clones from crossing completely into the dorsal compartment.
It was hypothesized previously that Notch signaling induces the expression of one or more boundary-specific cell affinity states [21, 22] . Milan et al. [3] , on the other hand, argue that Notch and its ligands might be playing a much more direct role, by acting themselves as adhesion molecules, rather than via downstream signaling. In vitro, cells producing Notch can indeed adhere to ligand-expressing cells [23] . The model proposed is that dorsal Fringe glycosylates dorsal Notch, making it more adherent to ventrally produced Delta but blocking its adhesion to dorsally produced Serrate [3] . Thus, dorsal, Notch-producing cells adhere best to ventral, Delta-producing cells, and ventral, Notch-producing cells adhere best to dorsal, Serrate-producing cells. These cells adhere so tightly that they stabilize the boundary, helping to block interdigitation across the D/V.
At first glance this model seems counter-intuitive, as it posits a higher affinity between cells in opposite compartments than between those within one compartment. However, very high affinities can in some instances block the migration of cells or axons. It is not clear, though, whether this high affinity would be stable enough to immobilize cells at the boundary, blocking the migration of cells from one compartment into the opposite compartment, yet still allow for the cell division and clone growth observed along the boundary.
Although not definitive, the evidence so far does not favor Notch acting as an adhesion molecule. It is true that clones with reduced activity for Suppressor of Hairless, the transcription factor required for stimulating the expression of most (but not all) Notch targets, do not cross the D/V boundary [21] . However, the Notch Co mutation generates a form of Notch that retains the extracellular and transmembrane parts of the protein but lacks the intracellular domains required for signaling; homozygous Notch Co clones might be expected to retain the adhesive function of Notch, but they nonetheless cross the compartment boundary [21, 22] . Furthermore, removing Notch or Delta and Dispatch R1019
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Ventral clones forced to express capricious (yellow, dotted outline) do not cross into the dorsal compartment, but do extend apical processes (pale yellow) dorsally, even when not in direct contact with the compartment boundary [3] .
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Serrate from one side of the compartment boundary, or misexpressing Serrate in ventral cells, does not always disrupt the expression of Notch targets on both sides of the boundary. When signaling is retained, such clones do not cross the boundary, and when signaling is lost they usually do [21, 22] .
Can Notch go it alone?
Apterous, and thus presumably Capricious and Tartan, cannot maintain the lineage boundary in the absence of Notch [21, 22] . Can Notch maintain a lineage boundary in the absence of Apterous? The answer appears to be yes, sometimes. One test is to drive Notch signaling in ap GAL4 /ap -discs, using UAS-fringe. Even without Apterous function, the asymmetry in Notch signaling induced by dorsal fringe expression is sufficient to drive Notch signaling along the boundary between fringe-expressing and non-expressing cells. Milan et al. [3] were unable to detect any rescue of the lineage boundary in imaginal discs of this genotype, despite the expression of Notch targets along the quite irregular D/V boundary (also see [16] ) ( Figure  2c ). However, another group performing the same experiment observed some adult wings with apparently normal D/V boundaries, suggesting that rescue did occur at a low frequency [17] (Figure 2d) .
A second test uses clonal changes in fringe expression to change the location of the Notch-induced boundary cells. If a clone is generated lacking fringe on the dorsal side of the compartment boundary, Notch signaling is lost from the side of the clone in contact with ventral cells, and reforms on the boundary between the clone and normal dorsal cells expressing fringe. Such clones cross partially or entirely into ventral territory, despite the fact that they are dorsal in origin and thus express apterous, as well as any other hypothetical dorsal determinant (Figure 4b ) [22] . Similarly, ventral clones forced to express fringe cross into dorsal territory even though they do not express apterous (Figure 4c) [3, 22] . In both cases, the position of the Notch-responding cells often approximates the normal position of the D/V lineage restriction, even though it no longer corresponds to the apterous boundary.
In all these cases, localized Notch signaling appears to straighten, and thus shorten, what would otherwise be an abnormally irregular boundary. The effects of the loss of Notch can also be thought of as a localized lengthening of the boundary. Thus, one possible explanation for these results is that Notch signaling specifies a line of boundary cells that straightens itself, acting as a kind of purse string. It is not clear whether this kind of cell behavior could be explained by a simple difference in Notch-driven cell adhesion, or if more complex mechanisms would be required.
A second, quite different explanation relies on the fact that, in all the cases where Notch appears to compensate for the loss of apterous, the cells that move or remain dorsally are not only responding to Notch, but also express fringe. Fringe is a glycosyltransferase and may target proteins other than Notch. Fringe might change cell affinities, either by changing the adhesive properties of Notch and its ligands, by qualitatively affecting the Notch signaling pathway, or through some novel glycosylation event. 
